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The electron-hole conversion at the normal-metal superconductor interface in inversion-symmetric Weyl
semimetals is investigated with an effective two-band model. We find that the specular Andreev reflection of
Weyl fermions has two unusual features. The Andreev conductance for s-wave BCS pairing states is anisotropic,
depending on the angle between the line connecting a pair of Weyl points and the normal of the junction, due to
opposite chirality carried by the paired electrons. For the Fulde-Ferrell-Larkin-Ovchinnikov pairing states, the
Andreev reflection spectrum is isotropic and is independent of the finite momentum of the Cooper pairs.
PACS numbers: 74.45.+c,73.23.-b
In recent years, a great progress in condensed matter
physics has been made by the discovery of topological
insulators1, which have a bulk energy gap and gapless surface
states protected by the time reversal symmetry. Such a phase
is characterized by the topological invariants rather than any
order parameters. Currently, the topological matter is further
extended to the Weyl semimetals (WSMs)2, where the bulk
energy band is gapless and the Weyl points (WPs) emerge
separately in the momentum space in pairs carrying opposite
chirality. Electrons around the WPs can be well described by
the two-component Weyl equations. In order to realize this
fascinating phase, either the time-reversal symmetry2–5 or the
inversion symmetry6 needs to be broken. The WSM phase is
protected by the band topology and therefore is robust. The
Dirac type dispersion cannot be gapped unless there exists
coupling between the pair of WPs of opposite chirality2,3.
When the superconducting pair potential is introduced into
those topological matters through proximity effects7 or intrin-
sic phonon-mediated attractive interaction8, a superconduct-
ing phase with non-trivial topology can emerge. Taking the
topological insulator as an example, the s-wave pair poten-
tial can result in a topological superconductor with Majorana
surface states1,7,8. Recently, such a route has been adopted by
Meng et al.9 and Cho et al.10 in the study of superconductivity
in inversion-symmetric WSMs. They found a novel BCS pair-
ing state which is an electronic analogue of 3He-A phase and
the Majorana modes can emerge under certain conditions9,10.
Apart from the BCS pairing states, the separation of WPs in
momentum space also provides an opportunity for the Fulde-
Ferrell-Larkin-Ovchinnikov (FFLO) pairing states11,12, where
the Cooper pairs carry a finite momentum. In contrast to the
conventional case, the FFLO state in WSMs is robust against
the weak disorder10.
The study on the superconducting WSMs is still in the pre-
liminary stage and one central question to be resolved is how
to detect them. One of the effective methods for detecting
pairing potentials is through the Andreev reflection (AR)13
at the normal-metal superconductor (NS) interface. The AR
spectrum has been successfully used to probe both the conven-
tional s-wave14 and the unconventional anisotropic15–17 su-
perconductors. The recent progress of the studies on the AR
also reveals some unusual features, such as the specular AR in
the graphene18 and the resonant AR induced by the Majorana
FIG. 1. (Colour on-line) Illustration of the NS junction composed of
WSMs. The black and white balls represent the electrons and holes,
respectively. An electron of incident angle (θ ,ϕ) from the normal-
metal side (the left) is scattered into four branches: the normal reflec-
tion, the specular AR, the electron-like quasiparticle transmission,
and the hole-like quasiparticle transmission, with amplitudes re, rh,
te, and th, respectively. Line P−P+ makes an angle α with the nor-
mal of the interface.
modes19,20.
In this paper, we employ an effective two-band model to
investigate the specular AR at the NS interface in inversion-
symmetric WSMs with either the BCS or the FFLO pairing
states. It is found that the normalized subgap conductance for
the s-wave BCS pairing states is a constant of 1.726, and the
effective gap is anisotropic, which is a sinusoidal function of
the angle between the axis connecting two WPs and the nor-
mal of the junction. For the FFLO pairing states, the AR spec-
trum exhibits an unexpected isotropic behavior, being nothing
to do with the finite momentum of the Cooper pairs.
The NS junction under consideration is sketched in fig. 1.
The normal of the junction is along the z-axis and the inter-
face is located at z = 0. The superconducting WSM can be
prepared by doping10, which drops the WPs well below the
Fermi level. The doping level should be chosen properly, so
that the electrons at the Fermi level have a large density of
states for the phonon-mediated condensation but they can still
be described by the Weyl equation. The normal metal in fig.
1 is a normal WSM without any doping.
The minimal model for inversion-symmetric WSMs is de-
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2scribed by an effective two-band Hamiltonian (in units of
h¯= 1)10
H0 = ∑
a=±
c†a(q)ha(Rˆ
−1q, Rˆ−1σ)ca(q),
h±(q,σ) = v0(qxσx+qyσy∓qzσz)−UΘ(z),
(1)
where ca = (ca↑,ca↓)T is the electron operator with a=± de-
noting two Weyl nodes, respectively, v0 is the Fermi velocity,
q is the momentum measured from the WPs, σ is the Pauli
matrix of spins, andΘ(z) is the step function. Each Weyl node
contains two cylindrical three-dimensional cones that touch
at the WP. In this model, a pair of WPs are located at two
inversion-symmetric points, P+ = P and P− =−P . In gen-
eral, the axis connecting two WPs, line P−P+, can make an
angle of α with the normal of the junction, as shown in fig.
1. Therefore, the rotation operator Rˆ−1 =
(
cosα −sinα
sinα cosα
)
is
incorporated in eq. (1), with which a vector is rotated around
the y-axis by an angle α . When α = 0, lineP−P+ is along the
z-axis and the Hamiltonian in Ref.10 is recovered. The energy
in eq. (1) is measured from the Fermi level. In the normal-
metal side (z < 0), there is no band shift and the WPs are at
the Fermi level. In the superconductor side (z > 0), there is a
large band shift U caused by doping, so that the WPs are well
below the Fermi level. Although the effective Hamiltonian (1)
contains only one pair of WPs, it can well describe the low en-
ergy excitations of two proposed candidates for WSMs based
on topological insulators4,5.
The electrons in WSMs bear the spin-momentum locking
features and nodes P± carry opposite chirality. As a result,
there are two types of pairing mechanisms10: one is the inter-
node BCS pairing for which the paired electrons are from two
Weyl nodes of opposite chirality and the momentum of the
Cooper pair is zero, the other is the intra-node FFLO pairing
for which the paired electrons are from only one Weyl node
and the momentum of the Cooper pair is finite (2P±). The
Hamiltonian for both pairing states can be expressed as
HBpair =∑
q,a
∆(z)c†a↑(q)c
†
−a↓(−q)+h.c.,
HFpair =∑
q,a
∆(z)c†a↑(q)c
†
a↓(−q)+h.c.,
(2)
where superscripts B and F correspond to the BCS and FFLO
pairing states, respectively, and ∆(z) = ∆Θ(z) is the s-wave
pairing potential, which is chosen to be real.
After the diagonalization of the Hamiltonian H = H0 +
HB(F)pair , the energy excitations are given by
EB =
√(
v0|q|±
√
U2+∆2 cos2β
)2
+∆2 sin2β ,
EF =
√
(v0|q|±U)2+∆2,
(3)
where β is the azimuthal angle of the momentum relative to
line P−P+. Due to the different manners of spin-momentum
locking, the electrons from two Weyl nodes cannot fully
paired10. The excitation spectrum EB is consequently char-
acterized by an anisotropic effective gap |∆sinβ |. The nodes
of EB exactly lie in line P−P+ (β = 0,pi). On the contrary,
the Cooper pairs in FFLO superconductors are formed within
the same Weyl node and the excitation spectrum EF is fully
gapped.
The Bogoliubov-de Gennes (BdG) Hamiltonian in the real
space can be obtained by performing a Fourier transforma-
tion on eqs. (1) and (2). In the Nambu representation where
ψˆ = [ψ↑(r),ψ↓(r),ψ†↓ (r),−ψ†↑ (r)]T , the BdG Hamiltonians
for both pairing cases are given by
HBBdG =
(
h′±(−i∇−P±,σ) ∆Θ(z)
∆Θ(z) −h′∓(−i∇−P±,σ)
)
,
HFBdG =
(
h′±(−i∇−P±,σ) ∆e2iP±·rΘ(z)
∆e−2iP±·rΘ(z) −h′±(−i∇−P∓,σ)
)
,
(4)
where h′±(∇,σ) = h±(Rˆ−1∇, Rˆ−1σ). The pairing potential
exhibits a spatial modulation for the FFLO superconductors
and is a constant for the BCS ones.
Considering an electron of energy E and of incident an-
gle (θ ,ϕ) coming from the normal-metal side, it can be nor-
mally reflected as an electron or Andreev reflected as a hole,
or transmitted into the superconductor side as the electron-
like or hole-like quasiparticles, as shown in fig. 1. As the
Fermi level is located exactly at the WPs in the normal-metal
side, the incident electron and the reflected hole must belong
to the conduction and the valence band, respectively, result-
ing in the specular AR, which is similar to what occurs in the
graphene18.
For the BCS pairing WSM, an incident electron in node P+
can be converted into a hole in node P− via the AR process.
The momenta of the electron and hole are both around P+,
so that the BdG equation can be solved with the ansatz ψ =
( f eiP+·r,geiP+·r)T , where the f and g are the electron and
hole components of the wave function. For the FFLO pairing
WSM, an incident electron in node P− is converted into a
hole still in node P−. The momenta of the electron and hole
are around P− and P+, respectively, and the BdG equation
can be solved with the ansatz ψ = ( f eiP−·r,geiP+·r)T .
For the BCS pairing case, the wave function in the normal-
metal side ΨBN and that in the superconductor side ΨBS are
given by
ΨBN = bˆ1e
iqcosθz+ rBe bˆ2e
−iqcosθz+ rBh bˆ3e
−iqcosθz,
ΨBS = t
B
e bˆ4e
iqBz+z+ tBh bˆ5e
iqBz−z,
(5)
where bˆ1 = [s(α,θ),s(α − pi/2,θ),0,0]T , bˆ2 =
bˆ1(pi − θ), bˆ3 = [0,0,e−iϕ/2 cosθ/2,−eiϕ/2 sinθ/2]T ,
bˆ4 = [sin2α,−2cos2α,∆sin2α/(E + EγB),0]T , and
bˆ5 = [sin2α,2sin2α,0,2∆sin2α/(E − EγB)]T are the basis
functions for the incident electron, the normal reflected
electron, the Andreev reflected hole, and the electron-like
and hole-like transmitted quasiparticles, respectively, with
s(α,θ) = cosα sin(θ/2)e−iϕ/2 − sinα cos(θ/2)eiϕ/2, and
γB =
√
E2−∆2 sin2α/E. The scattering coefficients for each
process are denoted by rBe,h and t
B
e,h, respectively. The wave
vectors are obtained as q = E/v0 in the normal-metal side,
and qBz± = (±U +EγB)/v0 for the electron-like and hole-like
3quasiparticles in the superconductor side. The rapid oscilla-
tion factor eiP+·r in the ansatz and the transverse plane wave
eiq‖·r are omitted in eq. (5) for simplicity, as the transverse
momentum q‖ is conserved during the scattering. In eq. (5),
the heavy doping condition U  E,∆ is also utilized. As a
result, there is a large mismatch of wave vectors between two
sides, and the quasiparticles in the superconductor side are
nearly perpendicularly transmitted.
For the FFLO pairing case, the wave function can be ob-
tained in a parallel manner, and reads
ΨFN = fˆ1e
iqcosθz+ rFe fˆ2e
−iqcosθz+ rFh fˆ3e
−iqcosθz,
ΨFS = t
F
e fˆ4e
iqFz+z+ tFh fˆ5e
iqFz−z,
(6)
where the basis functions are written as fˆ1 =
[(e−iϕ/2 cosθ/2,eiϕ/2 sinθ/2)eiP−·r,0,0]T , fˆ2 = fˆ1(pi − θ),
fˆ3 = [0,0,(e−iϕ/2 cosθ/2,−eiϕ/2 sinθ/2)eiP+·r]T ,
fˆ4 = [eiP−·r,0,eiP+·rE(1 − γF)/∆,0]T , and fˆ5 =
[0,eiP−·r,0,eiP+·rE(1 + γF)/∆]T , respectively, with γF =√
E2−∆2/E and the wave vectors qFz± = (±U + EγF)/v0.
One finds that the rapid oscillation factors eiP±·r for the
electron and hole components of the wave functions are
different for the FFLO superconductor.
By matching the boundary condition ΨB(F)N =Ψ
B(F)
S at the
interface z= 0, one obtains the scattering amplitudes as
rBh =−
(∆sinα/E)cosθ
cosϕ(γB+ cosθ)− isinϕ(1+ γB cosθ) ,
rBe =
sinθ(−γB cosϕ+ isinϕ)
cosϕ(γB+ cosθ)− isinϕ(1+ γB cosθ) ,
rFh =
(∆/E)cosθ
1+ γF cosθ
,
rFe =−
sinθ
1+ γF cosθ
.
(7)
With the help of the Blonder-Tinkham-Klapwijk (BTK)
formula14, for a specific incident angle, the differential con-
ductance is determined by the BTK coefficient
Si(E,θ ,ϕ) = 1+ |rih(E,θ ,ϕ)|2−|rie(E,θ ,ϕ)|2, (8)
with i= (B,F). In units of the conductance of the junction in
the normal state (∆= 0), the normalized conductance is given
by
Gi(eV ) =
∫ pi/2
0 dθ sin2θ
∫ 2pi
0 dϕSi(eV,θ ,ϕ)∫ pi/2
0 dθ sin2θ
∫ 2pi
0 dϕSi(eV,θ ,ϕ)|∆=0
, (9)
where eV is the bias voltage.
Firstly, we consider the AR spectrum for the BCS pair-
ing states. Although the pair potential of an s-wave BCS
pairing WSM is a constant, the electrons with different spin-
momentum locking features can only partly paired according
to their momentum direction, leading to an anisotropic effec-
tive gap |∆sinβ | in energy excitation EB. Such an anisotropic
gap is also exhibited in the AR spectrum. Under the heavy
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FIG. 2. (Colour on-line) Contour plot of the normalized differential
conductance of the NS junction with the BCS pairing states, as a
function of eV and α .
doping condition, the quasiparticles are nearly perpendicu-
larly propagated in the superconducting WSM. The azimuthal
angle of the momentum relative to line P−P+ can be approx-
imated as α . Therefore, one finds that the AR coefficient rBh
is proportional to ∆sinα and the γB is also determined by
∆sinα . When α = 0 or pi , the effective gap is zero and the
AR is totally suppressed.
The dependence of the normalized conductance on both the
bias voltage and angle α is plotted in fig. 2. A notable charac-
teristic in fig. 2 is the yellow region of a contour of |∆sinα|,
in which the normalized conductance is a constant of 1.726.
Such a constant behavior can be understood as follows. When
the incident electron is of an energy below the effective gap,
the transmitted wave is evanescent and γB is pure imaginary,
so that the subgap conductance is determined by the BTK co-
efficient
SB< = 2|rBh |2 =
2cos2 θ
cos2 θ cos2(ϕ−η)+ sin2(ϕ−η) , (10)
with η = arctan(
√
∆2 sin2α−E2/E). For the perpendicu-
lar incidence (θ = 0), the normal reflection of Weyl fermions
is completely suppressed due to the spin-momentum locking,
and BTK coefficient SB< is a constant of 2, as in the conven-
tional NS junction in the transparent limit14. For the oblique
incidence, there is a finite normal reflection caused by the
large momentum mismatch at the interface, and SB< in eq. (10)
is less than 2 and depends on the energy in general. Inter-
estingly, the energy factor in SB< is always bound with the in-
cident angle ϕ . Therefore, after an integration over incident
angles and normalization, the subgap conductance becomes a
constant of 1.726, independent of energy. For the same rea-
son, the subgap noise power of the junction is also a constant.
Secondly, we consider the AR spectrum for the FFLO pair-
ing states, which is plotted in fig. 3 as the solid line. Although
the Cooper pair in an FFLO pairing WSM bears a finite mo-
mentum of 2P± and the pair potential is modulated in the spa-
tial space, the AR spectrum is still isotropic and has nothing
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FIG. 3. (Colour on-line) Plots of the normalized differential con-
ductance as a function of eV . The solid line is corresponding to the
FFLO pairing states. The dashed, dotted and dot-dashed lines are
corresponding to the BCS pairing states with different α , respec-
tively.
to do with P±. This is due to three reasons: a) In contrast to
the conventional FFLO superconductor, the momentum of the
Cooper pair in WSMs arises from the finite momentum of the
WP and does not affect the energies of two paired electrons. b)
The Weyl fermions are linearly dispersed and therefore their
velocities are independent of their momenta. In order to guar-
antee the current conservation, only the continuity of the wave
function needs to be considered while the first derivative of
the wave function does not help, so that momentum P∓ car-
ried by electrons and holes plays no role in the AR spectrum.
c) The FFLO pairing states are formed within one Weyl node
and thus the AR spectrum should also be independent of α ,
which is determined by a line connecting two WPs. Since the
energy excitation is fully gapped and neither P± nor α makes
contribution, the AR spectrum of an FFLO pairing WSM is
isotropic and resembles that of a BCS pairing graphene18.
The normalized AR spectrum for the BCS pairing WSMs
is also plotted in fig. 3 for comparison, which is a constant of
1.726 below the anisotropic effective gap |∆sinα|. It is clearly
that the BCS and the FFLO pairing states are effectively dis-
tinguished by their AR spectra.
It is helpful to discuss the experimental realization of the
NS junction in the WSMs. The present effective model of
the WSM is actually corresponding to the topological insu-
lator multilayers4 and magnetically doped Bi2Se35. Several
recent experimental progress on topological insulators, such
as the control of the mass term in BiTl(S1−δSeδ )221, the si-
multaneous magnetic and charge doping22, and the growth of
the ultrathin high-quality films of Bi2Se323, paves a way to the
realization of the WSM in topological insulator systems. The
recent realization of superconductivity in the doped topolog-
ical insulators24 also indicates a hopeful future for the super-
conducting WSMs.
In summary, the specular AR in the NS junction in
inversion-symmetric WSMs is investigated. The AR spectrum
for the BCS pairing states indicates an anisotropic effective
gap |∆sinα|, below which the normalized conductance is a
constant of 1.726. The AR spectrum for the FFLO pairing
states is independent of the momentum of the Cooper pair and
is isotropic. The BCS and FFLO pairing states can be easily
distinguished by their AR spectra.
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